Vibrio aestuarianus is an opportunistic environmental pathogen that has been associated with epidemics in cultured shrimp Penaeus vannamei. Hepatopancreas microsporidian (HPM) and monodon slow growth syndrome (MSGS) have been reported in cultured P. vannamei. In this study, we sequenced and assembled the whole genome of V. aestuarianus strain W-40, a strain that was originally isolated from the intestines of ) and hydrogen peroxide (H 2 O 2 ) damage in V. aestuarianus strain W-40. The presence of two compete type I restriction-modification systems was confirmed. A total of 42 insertion sequences (IS) elements and 16 IS elements were identified. Our results revealed a host of virulence factors that likely contribute to the pathogenicity of V. aestuarianus strain W-40, including the virulence factor genes vacA, clpC, and bvgA, which are important for biofilm dispersion. Several bacitracin and tetracycline antibiotic resistance-encoding genes and type VI secretion systems were also identified in the genome. The complete genome sequence will aid future studies of the pathogenesis of V. aestuarianus strain W-40 and allow for new strategies to control disease to be developed.
The virulence mechanisms of V. aestuarianus are unknown.
Vibrio aestuarianus may be an opportunist that cooperates in the killing of hosts. Many questions remain unanswered concerning the virulence factors of V. aestuarianus, such as how this bacterium is able to defend itself against the immune systems of marine invertebrates to promote disease processes. Vibrio aestuarianus was shown to secrete many virulence factors, such as extracellular products (ECPs) (Labreuche et al., 2010) . During infection, V. aestuarianus was observed to produce toxins and impaired host functions. In addition, V. aestuarianus was shown to be able to degrade the hemocyte oxidative metabolism (Labreuche, Soudant, Goncalves, Lambert, & Nicolas, 2006) . Current sequencing upgrades (PacBio RS II) and comparative functional genomics analyses can help us to identify key factors of bacterial pathogenicity (Cong et al., 2017) . Recently, the genomes of a number of clinical and environmental bacterial strains, such as Vibrio cholera, Vibrio parahaemolyticus, and Vibrio alginolyticus, have had their genomes sequenced (Labreuche et al., 2010; Luo, Yu, Jost, Xu, & Huang, 2015; Yang, Liu, Luo, & Pan, 2015) . The zinc metalloprotease of V. aestuarianus was shown to promote lethality in oysters (Labreuche et al., 2010; Soudant, Mazel, & Nicolas, 2010) . The complete genome sequences of V. parahaemolyticus, V. cholera, and V. alginolyticus have been compared (Kim, Lee, Hee, Nair, & Kim, 2015; Luo et al., 2015; Yang et al., 2015) . The genome of another member of the family Vibrionaceae, V. aestuarianus, also needs to be sequenced.
In this study, V. aestuarianus strain W-40 was isolated from the intestine of an infected Penaeus vannamei specimen and was determined to be a potential conditional pathogen of P. vannamei. Diseases caused by V. aestuarianus in juveniles and adult oysters have been previously reported (Balbi et al., 2013) .
For the first time, we sequenced the complete genome of V. aestuarianus strain W-40 to identify genes related to pathogenicity. Our results revealed a host of virulence factors that likely contribute to the pathogenicity V. aestuarianus strain W-40, including the vacA, clpC, and bvgA virulence factor genes, type VI secretion systems Mitsutoshi, Jayeeta, & Tamaki, 2014; Huang et al., 2015) , and several bacitracin and tetracycline antibiotic resistance-encoding genes. The major factors in its pathogenic abilities were its intrinsic resistance to antibiotics and other virulence factors. These virulence factors may participate in bacterial pathogenesis through diverse mechanisms. This research will provide an additional tool for in-depth investigation of the mechanisms involved in the control of diseases.
| MATERIALS AND METHODS

| Isolation of bacterial strains
Bacterial strains were isolated from the intestines of infected P. vannamei, which were obtained from Xiamen, China. The surfaces of 10 shrimps were disinfected with 70% ethanol. The intestinal tracts of the shrimps were surgically isolated, suspended in PBS and homogenized. After 10-fold serial dilutions using 1 ml of the suspension, the dilutions were spread on Luria-Bertani agar (LBA) plates + NaCl 0.5 mol/L, after which they were incubated at 28°C for 24 hr. The intestines of healthy P. vannamei were added to the growth medium as supplements. The dominant colonies were selected and further isolated by streak plating to obtain pure cultures.
| The identification of bacterial strains
The identification of bacteria was conducted using a Biolog Microstation System (Biolog Inc., USA) and 16S rDNA sequence determination. The 16S rDNA sequences from the isolated strains were sequenced using a PCR-based technique. To amplify partial 16S rDNA fragments from the isolates, universal primers (27F: 5′-AGAGTTTGATCATGGCTCAG-3′; 1492R: 5′-GGATACCTTGTTA CGACTT-3′) were used. The PCR product was purified and sequenced, and the sequence was aligned at the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov).
Vibrio aestuarianus strain W-40 stock culture was stored at −80°C.
| In vitro challenge of P. vannamei with V. aestuarianus strain W-40
Vibrio aestuarianus strain W-40 was routinely cultured on LBA plates + NaCl 0.5 mol/L and incubated at 28°C for 24 hr and was stored in our culture collection. Culturing was done using LuriaBertani (LB) liquid medium with shaking at 28°C for 24 hr. The densities of the bacterial cultures were assessed using a microplate reader (Synergy HT, Bio-Tek Instruments, Inc., Winooski, VT, USA), with the absorbance measured at 600 nm. Vibrio aestuarianus strain W-40 was used at a final density of 1.35×10 6 CFU/ml. Adult P. vannamei used in the experiment were obtained from Jimei market, Xiamen, China, where the experiment was carried out. Penaeus vannamei were examined before the trial to ensure that they were not infected with a pathogen such that (1) there was no abnormal color change in the body in the selected shrimp (e.g., feelers, prawn tails, and appendages) and (2) no dead shrimp were observed and ingestion of the shrimps was normal during the acclimatization period.
Prior to experimental challenges, the shrimps were acclimatized for 3 days. Penaeus vannamei were randomly placed in each of three aquaria (12 P. vannameis per aquarium) with an flow-through seawater circuit at 28°C under continuous aeration. In vivo assays were performed on 8-month-old P. vannamei following previously described procedures (Cameron et al., 2006 All experiments were performed in triplicate, and the cumulative mortality was recorded every 4 hr during the experiment.
| DNA extraction
The DNA of V. aestuarianus strain W-40 was extracted from pure bacterial colonies for whole genome amplification using the DNA extraction kit D2500-02 (Omega, Inc., USA) according to the manufacturer's recommendations. The DNA was resuspended in 50 μl of ultra-pure water and stored at −80°C. DNA yields were detected by spectrophotometry (Eppendorf). subset of the corrected data was used for de novo assembly using a Celera Assembler, which employs an overlap-layout-consensus (OLC) strategy, with the default parameters.
| Genome sequencing and assembly
| Genome annotation
Coding sequences were predicted by Glimmer 3.02, and genome annotation was conducted with the basic local alignment search tool (BLAST). An extensive curation of the genes, correction of the start codon positions and the functional assignments was performed. All unigenes were searched in the protein databases using the BLAST ALL procedure with an E-value <1.0 E 
| RESULTS
| Identification of V. aestuarianus
In total, many pure cultures were isolated from the intestinal tracts of shrimp. The species of the isolates was determined by 16S rDNA sequence analysis and comparison with sequences in the GenBank databases. The isolates were identified as V. aestuarianus, specifically V. aestuarianus strain W-40.
| In vivo pathogenicity characterization
To assess the virulence of V. aestuarianus strain W-40 to P. vannamei, in vivo bacterial injection challenges were performed and were repeated in three independent experiments. As shown in 
| Genome features
The isolate was identified as V. aestuarianus strain W-40 using the In total, 31 rRNA operons were identified, including those encoding 23S, 16S, and 5S rRNAs. The genome encodes 118 tRNAs that represent all 33 amino acids, including tRNA gene types for met, phe, thr, asn, glu, lys, ala, aal, asp, trp, arg, his, pro, ile, tyr, gly, aer, leu, cys, and gln. tRNA genes included anticodons for cat, gaa, tgt, gtt, ttc, ttt, tgc, tac, gtc, cca, ccg, gtg, tgg, gat, gta, tcc, ggt, gcc, gct, acg, caa, ggc, gag, tct, gga, gca, taa, gac, ggg, tga, tag, ttg, and cct. In an analysis of the tRNA genes, an intron of the gene was predicted in the tRNAs with anticodons for phe (nucleotide positions 160, 414-160, 489) and glu (nucleotide positions 671, 144-671, 219) (Table S2 ).
| Genetic and antibiotic resistance analysis
Genetic and functional analysis of the antibiotic resistance of V. aestuarianus strain W-40 revealed bacA and tet34 resistance types.
The bacA gene was identified (Ko: 0075). The bacitracin resistance genes of V. aestuarianus strain W-40 were identified (Table S3 ). The tetracycline-resistant V. aestuarianus strain W-40 was screened for the tetracycline resistance gene tet34 (Ko: 1124).
| Insights into V. aestuarianus strain W-40 Virulence genes
To predict the virulence mechanisms of V. aestuarianus strain W-40, we sought to determine the presence of virulence factors in the genome. Many virulence factors were observed in our study, and the The bvgA genes (Ko: 1629 and 2622) were identified, with BvgA belonging to a family of regulatory proteins.
The identified virulence factors included hemolysin, and those involved in phospholipase production. Hemolysin was identified in -40 (Ko: 1657 -40 (Ko: , 1728 -40 (Ko: , 1788 -40 (Ko: , 2405 -40 (Ko: , 2485 -40 (Ko: , 2904 -40 (Ko: , 2968 -40 (Ko: , 3423, 3778, 3793, 3788, 3991, 4289, 4431, 0060, 0072, 0758, 0889, and 1204 Ko: 0007, 0099, 1129 Ko: 0007, 0099, , 1129 Ko: 0007, 0099, , 1816 Ko: 0007, 0099, , 2296 Ko: 0007, 0099, , 2360 Ko: 0007, 0099, , 2360 Ko: 0007, 0099, , 3005, 3006, 0158, 0490, 0710, 1004 Ko: 0007, 0099, , 1666 Ko: 0007, 0099, , 2281 Ko: 0007, 0099, , 2386 Ko: 0007, 0099, , 2983 Some genes with an unknown biological function (i.e., conserved hypothetical proteins) may be related to virulence (Table S4) .
Vibrio aestuarianus strain W-40 encodes a number of factors predicted to be important for biofilm production (Ko: 0085, 0155, 1694 (Ko: 0085, 0155, , 1781 (Ko: 0085, 0155, , 1830 (Ko: 0085, 0155, , 1847 (Ko: 0085, 0155, , 1966 (Table S4 ).
| Metabolism
The genome was observed to contain nine enzymes related to the metabolism of oligopeptides into amino acids to meet the demand for nitrogen for V. aestuarianus strain W-40 (Table S5) (Table S5) . 
| Oxygen stress
| The RM system
Vibrio aestuarianus strain W-40 contains two compete type I and VI RM systems (Ko: 0194, 0195, 3063, and 3064) (Table S7 ). However, the HsdR (Ko: 0193) ortholog of V. aestuarianus strain W-40 is fragmented into pseudogenes (Table S7) . A strong barrier for gene transfer is present in V. aestuarianus strain W-40. Gene fragments of the type III RM system methylase gene and the type II RM system endonuclease subunit were absent from the genome.
| Evolutionary position
We generated a phylogenetic tree using single-copy orthologous 
| IS elements
This is the first report showing complete IS elements in the V. aestuarianus strain W-40 genome. In total, 42 IS elements were identified, such as ISVpa3, ISSoEn2, ISEc39, ISCARN8, and ISWz1. The complete genomic sequencing suggested that ISVpa3, ISVvu5, ISVbsp3, ISVal1, ISVa2, ISVch8, ISV-M52, ISVba2, ISSpu20, ISSpu11, ISSod12, ISLxx6, IS1237, ISDha14, and ISCARN8 could be grouped to the group IS903 in the IS5 family. IS285, IS1414, ISSod5, ISAs3, ISCARN40, ISSba12, and ISShes5 belong to the IS256 family. ISVpa2 could be classified into the IS3 group within the IS3 family. ISHwa22 and IS200S could be grouped into the IS1341 group in the IS200/IS605 family. The complete IS elements were analyzed. Our findings enrich our knowledge on the insertion sequences of the IS5, IS200, IS256, and Tn3 families (Table S8 ). These IS elements can serve the basis for future studies concerning interactions of V. aestuarianus strain W-40 and diseases.
| IS elements In GIS
A total of 16 IS elements in the GIS genome were identified, including the elements ISSoc10, ISC1332, ISSpn6, ISBj1 ISCARN88. The complete genomic sequencing suggested that ISSoc10, ISHbo2, and ISSpn6 can be grouped into the IS200/IS605 family. ISCsp1 and ISC1332 belongs to the IS256 family. ISBj1 and ISBdi2 could be classified in the IS1380 family, while ISMno32 and ISCARN88 can be grouped into the IS1182 family. ISPfr6 and ISAar42 belong to the ISL3 family. The complete IS elements were analyzed. Our findings enrich our knowledge of the insertion sequences of the IS1380, IS200, IS256,and ISL3 families (Table S9 ). All of the IS elements in the GIS genome can serve as the basis for future studies concerning interactions of V. aestuarianus strain W-40 and diseases.
| Genomic islands analysis
The complete genome of V. aestuarianus strain W-40 consists of two single chromosomes (ctg7180000000002 and ctg7180000000003).
They are distinguished by a different set of genomic islands: GI0178, GI0179, GI0196, GI0197, GI0198, GI0202, GI0320, GI0199, GI0200, GI0311, GI0312, GI0199, GI0313, GI0341, GI0317, GI0318, GI0319, GI0338, GI0339, GI0340, GI0342, and GI0343 are in a single chromosome (ctg7180000000002) (Figure 6 , Table S10), while GI3065, GI3066, GI3067, GI3327, GI3328, GI3329, and GI3330 are in a separate chromosome (ctg7180000000003) (Figure 7 , Table S11 ).
There are 21 GIs in the single chromosome (ctg7180000000002) (Figure 6 ). GI0178 and GI0179 are capable of directing protein expression F I G U R E 6 Draft circle GI of Vibrio aestuarianus strain W-40 assembly. Using IslandViewer to predict GI. The circle represents a single chromosome (ctg7180000000002) of Vibrio aestuarianus strain W-40, with red bars around the boundary illustrating all GI predictions using the three methods. In these circles, the predictions of GI are differentiated by prediction method with IslandPath-DIMOB (blue), SIGI-HMM (orange), and Islandpick (green) all shown. We can select one result for only one method. There are 18 GIs in the ctg7180000000002 genome of V. aestuarianus strain W-40 F I G U R E 7 Draft circle GI of Vibrio aestuarianus strain W-40 assembly. Using IslandViewer to predict GI. The circle represents a single chromosome (ctg7180000000003) of V. aestuarianus strain W-40, with red bars around the boundary illustrating all GI predictions using the three methods. In these circles, the predictions of GI are differentiated by prediction method with IslandPath-DIMOB (blue), SIGI-HMM (orange), and IslandPick (green) all shown. We can select one result for only one method. There are 5 GIs in the ctg7180000000003 genome of V. aestuarianus strain W-40 to hydrolase (Haemophilus pittmaniae). GI0196, GI0197, GI0198, GI0202, GI0311, GI0312, and GI0320 encode hypothetical proteins. GI0341 was identified together with glycosyl transferase function (Table S10 ).
There are seven GIs in the single chromosome (ctg7180000000003) of V. aestuarianus strain W-40 (Figure 7 ). GI3066 encodes peptidoglycanbinding protein LysM. GI3065 is capable of directing protein expression to UDP-N-acetylmuramyl peptide synthase (Table S11) .
| Nucleotide sequence accession numbers
The complete genomic sequence of V. aestuarianus strain W-40 has been deposited in the GenBank database (accession number SRP064227).
| DISCUSSION
To investigate the role of V. aestuarianus strain W-40 in P. vannamei lethality, we performed toxicity tests. The results showed that, in a short period of time (5 days (Chaparro, McCulloch, Cerdeira, & Dilaimi, 2011) . The similarity in genome size from 30,0000 to 480,000 bp with members of the same genus supports the completeness of our genome sequencing (Kim et al., 2015; Luo et al., 2015; Yang et al., 2015) .
It has long been known that toxins and other bacterial virulence factors can allow bacteria to be lethal pathogens. The toxins encoded by V. aestuarianus are lethal to hosts. Similarly, toxins of Vibrio harveyi were shown to be lethal to the black tiger shrimp (Penaeus monodon) (Natrah et al., 2011) . Vibrio aestuarianus caused massive mortality in the Pacific oyster C. gigas, and V. aestuarianus has frequently been associated with massive mortality events in C. gigas oysters during summer (Labreuche et al., 2010) . During many mortality outbreaks, the members of the Vibrio genus, including Vibrio splendidus, were often detected (Vezzulli et al., 2015; Lacoste et al., 2001; Hua et al., 2015) .
The genome of V. aestuarianus strain W-40 contained 100 putative virulence genes that were predicted by a BLASTp search against the Virulence Factors of Bacterial Pathogens database (VFDB), with 143 virulence genes identified in Piscirickettsia salmonis (Chen, Xiong, Sun, Yang, & Jin, 2012) . V. aestuarianus strain W-40 is similar to V. cholera, V. parahaemolyticus, and V. harveyi with respect to various virulence factors (Kim et al., 2015; Natrah et al., 2011; Yang et al., 2015) . The complete genome sequence of V. aestuarianus strain W-40 will provide new insights into the virulence factors and pathogenicity of this bacterium (Goudenège et al., 2015) . Extracellular products are known to be related to pathogenesis (Liu et al., 1996; Austin and Zhang, 2006) . Moreover, V. aestuarianus strain W-40 lipoate proteins could also be considered to be potential virulence factors. Other identified virulence factors include the cagA, vacA, clpC, bvgA, and lplA genes loci in V. aestuarianus strain W-40, which were expressed in most of the strains (Natrah et al., 2011) . In this bacterium, the transcription of virulence-associated genes is regulated by BvgA proteins, and the BvgAS two-component system controls the expression of many bvgAregulated virulence genes (Alice, Qing, & Hinton, 2013) . lplA plays an important role in aerobic metabolism (Christensen et al., 2013) . A virulence locus in V. aestuarianus strain W-40 encodes a protein secretion apparatus, which can help bacterial pathogens to mediate interactions with their hosts (Xu & Liu, 2014) . Thus, this apparatus likely contributes to the pathogenesis of V. aestuarianus strain W-40 in the host during chronic infections.
In V. aestuarianus strain W-40, fliN (flagellar motor) and extracellular cysteine protease were observed virulence factors. Biofilm formation is very important for CoNS pathogenicity as biofilms allow bacteria to colonize abiotic surfaces, such as indwelling medical devices, which helps to establish infections within the host (Cameron et al., 2015) . Similar to Pseudomonas stutzeri strains (Pan et al., 2014) .
V. aestuarianus strain W-40 encodes a type VI secretion system. The type VI secretion system is a highly conserved secretion system used to transport proteins across the bacterial envelope and is precisely regulated in gram-negative pathogens (Wang, Wen, Li, Zeng, & Wang, 2016) . A detailed analysis of this genome containing distinct virulence factors will help in the development of new and efficient vaccines and antimicrobial agents (Beilstein & Dreiseikelmann, 2008; Nonaka & Suzuki, 2002) .
The potentials of bacA and tet34 antibiotic resistance genes were identified in V. aestuarianus strain W-40, which may suggest that bacitracin-resistant and tetracycline-resistant bacteria are aquaculture problems. A major factor in the pathogenicity of a bacterium is its intrinsic resistance to antibiotics and disinfectants. An absence of bacA can result in increased bacitracin susceptibility and reduced virulence (Chalker et al., 2000) . The over-expression of bacA leads to bacitracin resistance in Escherichia coli, since the bacA gene encodes a protein that promotes resistance to the antibiotic by phosphorylation of undecaprenol. Bacitracin is clinically used as an antimicrobial drug to inhibit bacterial cell wall synthesis. Similar to E. coli and Bacillus subtilis, V. aestuarianus strain W-40 can endure higher concentrations of bacitracin (Hachmann et al., 2011) . The tet gene of V. aestuarianus strain W-40 is responsible for encoding a membrane-bound undecaprenol kinase responsible for tetracycline resistance. Tetracyclines are broad-spectrum antibiotics and have been widely used in marine invertebrates for diseases caused by Acinetobacter baumannii (Zhu et al., 2014) and Aeromonas spp. (Jacob & Chenia, 2007) . The determination of intrinsic resistance to antibiotics in V. aestuarianus strain W-40 is important. The study of potential virulence factors could provide insights into the basis of candidates for drug therapy.
Vibrio aestuarianus strain W-40 survival is dependent on the host nutrition for its intracellular lifestyle. Most amino acids, purines, pyrimidines, and cofactors cannot be synthesized de novo (Li et al., 2011) .
This microorganism has high-affinity transport systems to actively transport solutes across the cytoplasmic membrane, and bacterial extracellular solute-binding protein was identified in W-40.
A total of 28 pathogenicity islands were identified in V. aestuarianus strain W-40, which encodes hydrolase, glycosyl transferase, and peptidoglycan-binding protein. Glycosyl transferase can transform glucose-1-phosphate into undecaprenyl pyrophosphate during E. coli biosynthesis of the colanic acid exopolysaccharide (Wang et al., 2007) .
Peptidoglycan-binding protein Lys is capable of directing protein expression to UDP-N-acetylmuramyl peptide synthase (Langille, Hsiao, & Brinkman, 2010) . The identification of these genes may lead to a better understanding of the virulence of V. aestuarianus strain W-40.
IS elements are related to lateral gene transfer and genomic evolution. Various IS elements were identified in the IS5, IS256, IS3, IS200/ IS605, and Tn3 families in V. aestuarianus strain W-40. IS elements were abundant in the Mycoplasma bovis genome (5.4%). IS elements may lead to genomic variation in different strains, which can be horizontally transferred between genomes.
In conclusion, our analysis identified the fliN-flagellar motor, extracellular cysteine protease, proteins involved in biofilm formation, type VI secretion system and bacA and tet34 antibiotic resistance genes, along with other several predicted virulence factor-encoding genes in V. aestuarianus strain W-40. The complete sequence results provide new insights into the biology and prevalence of this strain, and new strategies to control vibriosis caused by V. aestuarianus strain W-40, thereby reducing economic losses.
